Angiogenesis, the growth of new blood vessels, is a complex process requiring the orchestration of numerous different cell types, growth factors, and chemokines. Some of the recently acknowledged actors in this process are immune cells. They accumulate at hypoxic sites, but the kinetics, dynamics, and regulation of that trafficking are unknown. In this study, we used intravital and live cell imaging to understand how neutrophils and macrophages migrate and behave at angiogenic sites. We developed two reproducible models of angiogenesis: one by transplanting isolated and hypoxic pancreatic islets into the cremaster muscles of mice, and another by in vitro coculturing of mouse aortic rings with neutrophils. In vivo imaging of the hypoxic site revealed recruitment of neutrophils and macrophages, which occurred in parallel, with depletion of one subset not affecting the accumulation of the other. We found, by cell tracking and statistical analyses, that neutrophils migrated in a directional manner to "angiogenic hotspots" around the islet where endothelial sprouting occurs, which was confirmed in the in vitro model of angiogenesis and is dependent on CXCL12 signaling. Intimate interactions between neutrophils and neovessels were prevalent, and neutrophil depletion greatly hampered vessel growth. Macrophages were less motile and attained supportive positions around the neovessels. Here, we present two novel in vivo and in vitro imaging models to study leukocyte behavior and actions during angiogenesis. These models unveiled that neutrophil migration at a hypoxic site was guided by signals emanating from sprouting endothelium where these immune cells gathered at "angiogenic hotspots" at which vascular growth occurred.
Introduction
The involvement of leukocytes in the process of blood vessel growth-angiogenesis-is increasingly appreciated for growing tumors but also during homeostatic tissue regeneration [1] . The exact mechanisms behind the proangiogenic effects of leukocytes are still being unveiled, but the major innate immune cells-Mfs and neutrophils-have both been proven to promote vascular growth (reviewed in [2] [3] [4] ). Mfs can be divided into functional subsets based on expression levels of surface proteins and enzymes. The major subdivisions are the classically activated, infection-fighting subset (often referred to as "M1" [5] ) and the alternatively activated subset involved in tissue regeneration, which has proangiogenic properties [6] . In addition, the shortlived microbe assassins, the neutrophils, have received increasing interest in the field of angiogenesis because they too have been found subdividable into similar subsets as those of the Mfs. Both alternatively activated Mfs and PANs contribute to vessel growth by secreting vascular growth factors and promote tissue remodeling by protease release [7] .
Recently, we identified a distinct PAN subset. That subset was recruited from the circulation by VEGF-A to sites of hypoxia, where it was crucial for initiation of revascularization of transplanted pancreatic islets to muscle [8] [9] [10] . This subset was distinguished from inflammatory neutrophils by expression of VEGFR1 and CD49d [10] , high expression of the chemokine receptor CXCR4, and the ability to release high quantities of MMP-9 [9] ). MMP-9 has previously been shown to promote vessel growth directly by degrading the extracellular matrix and indirectly by releasing growth factors, such as VEGF-A, during the digestion process [11, 12] . Additional roles for proangiogenic leukocytes, as well as the distinct contributions or interactions of these immune cells during formation of new blood vessels, have not yet been fully established.
Intravital imaging of leukocyte recruitment from different vascular beds during classic inflammation has revealed extensive information on the dynamics, the involved adhesion molecules, and the function of various leukocytes at the target site [13] . However, much of that information remains to be generated for proangiogenic leukocytes because of methodological difficulties in penetrating dense structures, such as hypoxic tumors. Recent technologies such as confocal and multiphoton intravital microscopy with enhanced penetration depth and scanning speed have enabled interrogation of novel aspects of immunology, and imaging at high spatial and temporal resolution allows for the tracking of specific cells and structures in real time in vivo. These methods generate enormous amounts of imaging data, and to extract comprehensive information on the behavior of leukocytes, powerful statistics, computer modeling, and visualization methods are required for the researcher to access the information generated.
To visualize leukocyte dynamics and interactions at sites of ongoing angiogenesis by in vivo confocal microscopy, we developed a model of localized and reproducible hypoxia by transplanting isolated islets of Langerhans into the cremaster muscles of mice. Both neutrophils and Mfs were found to accumulate at the site of hypoxia but with different kinetics and independent of each other. By applying statistical modeling to the data acquired, we were able to identify "angiogenic hotspots" to which neutrophils migrated and accumulated with a high level of directionality. These observations were confirmed with a reductionist approach and an in vitro aortic ring assay. In this study, we present a novel in vivo, high-resolution imaging method for investigating leukocyte involvement in angiogenesis, and we take the first steps in delineating how leukocytes traffic to sites of angiogenesis.
MATERIALS AND METHODS

Animals
Male C57Bl/6 mice (Taconic Biosciences, Hudson, NY, USA) and CX 3 CR1 GFP mice (B6.129P-Cx3cr1 tm1Litt /J; Jackson Laboratory, Bar Harbor, ME, USA), weighing 25-30 g, were used. The mice had free access to tap water and pelleted food throughout the study. All experiments were approved by the Regional Animal Ethics Committee in Uppsala, Sweden.
Pancreatic islet isolation and transplantation
Mouse islets were isolated, as previously described [8] . Briefly, the mice were anesthetized with 100 mg/kg pentobarbital sodium (Apoteket AB, Stockholm, Sweden). Ice-cold collagenase A solution from Clostridium histolyticum (2.5 mg/ml; F. Hoffmann-La Roche, Basel, Switzerland) in HBSS was then injected into the pancreas via the common bile duct. Thereafter, the pancreas was removed and placed in a 37°C water bath for 18 min. Islets were separated from exocrine tissue by density-gradient centrifugation (Histopaque-1077 and RPMI 1640; Sigma-Aldrich, St. Louis, MO, USA). Purified islets of similar size were then handpicked and maintained free-floating in islet culture medium: RPMI 1640 with added D-glucose (11.1 mM), L-glutamine (2 mM; Sigma-Aldrich), benzyl penicillin (100 U/ml, F. Hoffmann-La Roche), streptomycin (0.1 mg/ml), and 10% (v/v) FCS (Sigma-Aldrich).
Islets were fluorescently labeled with the intracellular probe Celltracker Blue CMAC (Thermo Fisher Scientific, Waltham, MA, USA) immediately before transplantation through a butterfly needle to the cremaster muscle of syngeneic mice anesthetized with avertin: 2.5% (v/v) 2,2,2-tribromoethanol (Sigma-Aldrich) in 2-methyl-2-butanol (Kemila, Stockholm Sweden).
Intravital confocal imaging
Mice were anesthetized by spontaneous inhalation of isoflurane (Abbott Scandinavia, Stockholm, Sweden). The left cremaster muscle was exposed and mounted for intravital microscopic observation. The muscle was continuously superperfused with a bicarbonate-buffered saline solution (37°C, pH 7.4). A catheter in the femoral artery allowed retrograde infusion close intra-arterially to the muscle through which mice received anti-CD31 mAb (clone 360; eBioscience, San Diego, CA, USA) conjugated to Alexa Fluor 555 (Thermo Fisher Scientific) and anti-Gr-1 mAb (clone RB6-8C5; eBioscience) conjugated to eFluor 660 intra-arterially. These mAbs were also injected into the scrotal sack 30 min before the start of the experiment to stain nonperfused vessels and tissue.
A line-scanning confocal microscope (Zeiss LSM 5 Live, with a piezo motorcontrolled Zeiss WPlanApo 40 3 1.0 or a Zeiss PlanApo 20 3 0.8 objective with 0.5-2.0 3 optical zoom, and Zeiss Zen 2009 software; Carl Zeiss, Oberkochen, Germany) was used to visualize islet grafts, the newly formed vasculature, and surrounding leukocyte subsets.
Leukocyte quantification
The numbers of leukocytes at the islet graft were analyzed using image analysis software Imaris 7.6 (Bitplane, Zurich, Switzerland) and are presented as numbers of leukocytes within the region of interest (the size of a box covering the engrafting islet) divided by the islet volume to normalize for possible differences in islet size. Software functions "surface," "spots," and "spots distance to surface" were used to assess the proximity of neutrophils (spots) to growing endothelium (surface).
Neutrophil depletion
Mice were rendered neutropenic by i.p. injections of anti-Ly6G mAb (clone 1A8, Ultra-LEAF purified; BioLegend, San Diego, CA, USA) using a slightly modified protocol [10] . The mice were injected with 0.5 mg of the 1A8 Ab or the corresponding isotype control Ab, 24 h before transplantation of islets and 0.5 mg every 48 h thereafter. Depletion efficiency was determined by differential count of circulating leukocytes.
Mf depletion
Muscle Mfs were depleted from mice by injection of 200 ml, 5 mg/ml liposomal clodronate i.v. (Clodrosome; Encapsula NanoSciences Brentwood, TN, USA) 24 h before transplantation, and then, 50 ml intrascrotally every 48 h thereafter. Control mice were given empty liposomes (Encapsome; Encapsula NanoSciences) following the same protocol. Depletion efficiency was determined by microscope examination of CX 3 CR1 GFP cell density in muscle tissue.
Aortic ring assay
The protocol used for this assay was an adapted version of a published protocol [14] . Briefly, 12-wk-old, male, C57Bl/6 mice were anesthetized by isoflurane inhalation (Abbott Scandinavia) and sacrificed by cervical dislocation. The thoracic aorta (1 cm from the aortic arch) was dissected and perfused with serum-free OptiMEM medium (Thermo Fisher Scientific). Perivascular fat and branching vessels were removed, and the clean aorta was sectioned into 1-mm-thick rings. After overnight serum starvation, rings were embedded in 50 ml of rat tail collagen І (Enzo Life Sciences, Farmingdale, NY, USA) at a final concentration of 1 mg/ml. The embedded rings were cultured in OptiMEM (Thermo Fisher Scientific), enriched with 2.5% serum (FBS) and 1% penicillin at 5% CO2 and 37°C for 4 d. On d 3 of culture, 2.5 3 10 4 isolated mouse neutrophils were added to the gel, and after 4-8 h, the rings were imaged using a laser point-scanning confocal microscope equipped with an incubated stage (Zeiss LSM 780; Carl Zeiss). The CXCR4 antagonist AMD3100 (Sigma-Aldrich) was added to cultures at a final concentration of 5 mg/ml at the same time as neutrophils were added and were imaged 24 h later.
Mouse neutrophil isolation
Mouse blood was collected through heart puncture on isoflurane-anesthetized mice. 
Immunostaining
To analyze the in vitro angiogenesis assay, fluorescent Abs were used: anti-CD31 mAb (eBioscience) conjugated to Alexa Fluor 555 (Thermo Fisher Scientific) was used to stain the endothelium. Neutrophils were labeled with anti-Ly6G mAb (BioLegend) conjugated to Alexa Fluor 488 (Thermo Fisher Scientific).
Leukocyte tracking
Data from the line-scanning confocal microscope was processed in the image analysis software Imaris 7.6. The leukocyte subsets studied (Gr-1 + neutrophils, and CX 3 CR1 GFP monocytes and Mfs) were tracked in the 3D time-lapse sequences. Breathing and muscle contraction movements in the images were attenuated by drift correction to ensure as few motion artifacts as possible.
The software was used to extract information on the displacement of the leukocytes. Migration tracks were manually checked for accuracy and corrected (e.g., connecting broken tracks) when appropriate.
Statistics
Values are expressed as means 6 SEM. Unpaired 2-tailed Student's t tests were used to test for statistical significance. P , 0.05 was considered statistically significant.
RESULTS
Two novel imaging models for studying leukocyte involvement in angiogenesis
In our previous studies in which pancreatic islet grafts were syngeneically (genetically identical islet donor and recipient) transplanted to muscle, the involvement of innate immune cells in the engraftment process was crucial for the establishment of a healthy vasculature [8, 9] . Here, to be able to dynamically study the involvement of leukocytes in islet angiogenesis after transplantation, we developed a 4D, in vivo imaging model that enables tracking of leukocytes in the graft area for .2 h (Fig. 1A) .
Cremaster muscles of mice with engrafting islets were exposed under a line-scanning confocal microscope equipped with a piezo motor-controlled objective that allowed high temporal resolution. For longitudinal, time-lapse studies, the microscope was set to acquire 1 Z stack every 30 s. The 4-laser configuration enabled simultaneous recording of islets (Celltracker Blue CMAC), vasculature (anti-CD31 mAb), monocytes/Mfs (CX 3 CR1 GFP), and neutrophils (anti-Gr-1 mAb).
In parallel, we also developed an in vitro coculture assay in which 1-mm rings from the thoracic aorta of mice were cultured in a collagen gel in absence of VEGF-A (Fig. 1B) . This method eliminated some of the possibly confounding factors of the in vivo model in which additional inflammatory signals could affect the behavior of the neutrophils and allowed for further delineation of the factors controlling their migration. Endothelial cells were visualized by the addition of an anti-CD31 mAb, and neutrophils were visualized by the addition of an anti-Ly6G mAb. By using a confocal microscope equipped with an incubated stage, we were able to image these events for long periods (.3h).
Host-derived Mfs repopulate islets and are not recruited by neutrophils
Pancreatic islets natively contain tissue-resident Mfs but no neutrophils. Islets isolated from CX 3 CR1 GFP mice (150-250 mm in diameter) had, on average, 26 Mfs (CX 3 CR1 GFP cells) per islet directly after isolation from the pancreas. When transplanting islets isolated from wild-type mice into cremaster muscles of CX 3 CR1 GFP mice, we noticed that the islets were rapidly infiltrated by GFP + cells from the recipient ( Fig. 2A  and D) . When those cells were studied closely, a transformation of cell shape over the days studied was revealed. At 3 d posttransplantation, the CX 3 CR1 GFP cells were rounded and situated at the islet perimeter ( Fig. 2A) , and 2 d later, those cells had acquired more-central locations in the islet and had adopted a more-elongated cell shape with dendrites ( Fig. 2C) , indicating that the cells first recruited are monocytes that later differentiate into Mfs.
When the opposite transplantations were performed, and islets isolated from CX 3 CR1 GFP mice were transplanted into cremaster muscles of wild-type mice, no GFP + cells were found in completely engrafted islets 4 wk after transplantation. The donorderived Mfs had been replaced by host-derived dittos, as the wild-type islets transplanted into CX 3 CR1 GFP mice were completely repopulated by GFP + cells. The evacuation of donorderived Mfs is a seemingly rapid process. In wild-type mice receiving CX 3 CR1 GFP islets, the GFP + cells were very scarce already 3 d after transplantation; only stray cells could be seen in islets, and some were found several hundred micrometers away from the graft. The fate of the donor-derived Mfs in the new host remains to be established. In inflammation research, activated, resident Mfs potently recruit neutrophils and monocytes from circulation, and that sequential recruitment has been extensively studied [15] . However, results differ in the question of which of those cell types arrive first at a site of inflammation and whether the recruitment of neutrophils affects the recruitment of monocytes. To study these events in our model of islet angiogenesis, mice were rendered neutropenic by Ly6G Ab injections and, thereafter, received islet grafts into their cremaster muscles. That resulted in ;80% less circulating neutrophils and significantly reduced neutrophil numbers were detected at the islet grafts (Fig. 2I) . However, the Mf populations at this site were similar between mice depleted of neutrophils and mice receiving isotype control Ab (Fig. 2I) , indicating that neutrophils are not pivotal in the repopulation of Mfs in those islet grafts. Neutrophils are, however, vital for vessel growth. We have previously shown that using an Ab directed toward Gr-1 [8] , and also here, using the Ly6G-specific Ab, a more than 4-fold reduction of islet-vessel formation was observed (0.20 6 0.06 vs. 0.045 6 0.008 vessel volume/islet volume in control vs. neutrophil-depleted mice, respectively, Fig. 2I ).
Neutrophil recruitment occurs at onset of angiogenesis and is not governed by Mfs
Myeloid cell accumulation at syngeneic islet grafts has been observed by us [8] and by others [16] , and we have previously demonstrated that the presence of some of these cells at the engraftment site is crucial for the revascularization process [9] . In the present study, neutrophil numbers were quantified from in vivo confocal recordings 3-5 d after transplantation ( Fig.  2A-C) . A tendency toward an inverse relationship between neutrophil accumulation and revascularization can be seen with time after transplantation ( Fig. 2D and E) , where the neutrophils were evacuating the engraftment area in a rapid fashion after their initial abundance. At 5 d after transplantation, only about one fourth of the neutrophils present at 3 d remained. Together with our previous observations this indicates that neutrophils are recruited to the hypoxic tissue to initiate angiogenesis, but their numbers diminish when the vasculature and islet blood flow is restored.
Tissue-resident Mfs release chemotactic agents during inflammation to induce neutrophil extravasation into tissue where they chemotax toward the chemokine source. Whether Mfderived agents are crucial for neutrophil recruitment to angiogenic areas is, however, not known. That was explored by clodronate-depletion of Mfs in recipient mice; after which, leukocyte recruitment to the engrafting islets was assessed. Clodronate treatment was efficient in removing the CX 3 CR1 GFP cells from the muscle tissue, and the few GFP + cells that were observed at the graft site were in a rounded, monocyte-like stage, indicating that they were recently recruited to the site from circulation and not tissue resident (Fig. 2J) . However, Gr-1 + neutrophils were still found near those grafts in amounts comparable to control settings (Fig. 2J) . These results suggest that neutrophil recruitment to hypoxic areas is not governed by Mfs, but do not exclude the possibility of other types of interactions between these subsets.
Neutrophils migrate to "angiogenic hotspots" in the engraftment area
Visualizing leukocyte migratory tracks in the islet engraftment area revealed interesting patterns on how neutrophils migrated and where they accumulated. In a previous study, we showed that islet-derived VEGF-A was a prerequisite for neutrophil recruitment to the engraftment site [9] . However, in the timelapse recordings of the current study, the islet itself does not seem to be the primary target for the neutrophil recruitment. In fact, neutrophils were never detected within the islet graft but always stayed in the adjacent tissue (Supplemental Video 1). Far-moving neutrophils exhibited very determined movement to sites of angiogenesis (sprouting and budding endothelia) occurring at a distance from the islet itself. Those sites thus Those islets were fluorescently labeled and transplanted into the cremaster muscles of wild-type or CX 3 CR1 GFP mice. After 3, 4, 5, or 28 d, the cremaster muscle was exteriorized in the anesthetized animal, leukocytes and blood vessels were stained with fluorescently conjugated Abs, and 4D imaging of the engraftment site was performed. (B) Aortic rings were excised from mouse aortas and placed in a collagen gel. They were allowed to sprout, and neutrophils isolated from mouse blood were, thereafter, added to the culture dishes. Staining endothelium with directly conjugated anti-CD31 mAb and staining neutrophils with fluorescently conjugated anti-Gr-1 mAb enabled live-cell imaging in a confocal microscope equipped with an incubated stage.
seem to secrete chemotactic signals that override the hypoxia signals from the graft. When graphically visualizing the migratory tracks, 2-10 "angiogenic hotspots" could be identified per engraftment site, with a net recruitment flow of neutrophils into them (Fig. 3A) . This statistical visualization method was previously developed for analyzing social behavior among living mice [17] , but was adopted and extended here for moving neutrophils. The visual representation of an engraftment site in Fig. 3B displays the de novo recruitment of neutrophils in the area. The heights of the peaks in the profile represent the number of neutrophils that migrated to those sites and halted at, or moved around, in the near vicinity of the peak. These visualizations also highlight the fact that the area at which the graft itself was located was less occupied by neutrophils, seemingly focusing on the vasculature growing to the islet (Fig. 3C) . In Fig. 3D -F the cumulative tracks during 90 min of recording are displayed, further emphasizing the gravitation to specific locations around the islets. We also calculated accumulation indices (the ratio of fluorophore signal at time 0 and the fluorophore signal at every subsequent time point) for neutrophils and Mfs in the "hotspots" identified by the track analyses. A clear time-dependent accumulation was apparent for neutrophils ( Fig. 3G ) but was less so for Mfs (Fig. 3H) .
Neutrophil migration to sprouting endothelium is directed by CXCL12
To have a more-controllable system to study the neutrophil migration events during angiogenesis, we developed a coculture technique in which we added neutrophils to mouse aortic rings cultured in a collagen gel. This method enabled us to perform time-lapse, live-cell imaging in a confocal microscope with an incubated stage and thereby observe the behavior of neutrophils in the presence of sprouting endothelium only, without possible inflammatory confounders present in the in vivo situation. We repeatedly found neutrophils around vascular sprouts (Fig.  4A) , and they interacted closely with the endothelium (Fig.  4B) , especially at the tip cells of the sprouts (Fig. 4C , and Supplemental Videos 2 and 3). We performed imaging over several hours and applied the same analysis script as used for the intravital situation to obtain accumulation indices for regions of interest around the sprouts emanating from the aortic ring (Fig. 4D) . Neutrophils over time migrated toward these sites, and we found a similar accumulation of neutrophils at these sites compared with the in vivo situation (Fig. 4E) .
We also cultured aortic rings in the absence (Fig. 4F ) and presence ( Fig. 4G ) of neutrophils to see whether we could recapitulate the reduced angiogenesis, which we saw after neutrophil depletion in mice [8] . Rings cultured with neutrophils had larger vascular area (Fig. 4H ) and sprout length (Fig. 4I) underlining the significant contribution of neutrophils to angiogenesis also in this reductionist system. We used the controllable in vitro system to study the effect of CXCL12 on the accumulation of neutrophils at vascular sprouts. With the CXCR4 antagonist AMD3100 present in the culture media (Fig. 4K) , neutrophils stayed further from the sprouts than in untreated aortic rings (Fig. 4J and L) , pointing to CXCL12 signaling as a chemokine that guides neutrophils to angiogenic endothelium.
Two distinct migration patterns of neutrophils at the angiogenic site
The ability to image leukocytes in 3 spatial dimensions over longer periods in vivo enabled software-tracking of immune cell behavior during islet revascularization. The immediate observation made early after transplantation (3 d after transplant) showed a significant difference in the migration patterns of neutrophils and Mfs ( Fig. 5A and B) . The Gr-1 + neutrophils covered much greater distances than the CX 3 CR1 GFP Mfs did. Mfs are known to migrate during inflammatory conditions, but no greater displacements of those cells were detected in the timelapse recordings. Thus, during these conditions, Mfs were mostly found to be stationary and, at most, moving dendrites or migrating short distances randomly around their starting positions. Neutrophils are known to be rapidly responding cells that migrate far into tissue, which was also observed in our angiogenesis model. The Gr-1 + cells in the recordings had tracks that were up to 4 times longer than those of the CX 3 CR1 GFP cells. These 2 leukocyte subtypes most likely have different assignments at the angiogenic site, which may reflect the individual migration patterns. The track length varied within the neutrophil population. Some neutrophils were mostly stationary and had a migration patterns similar to that of the Mfs, i.e., movement in a confined space resulting in short displacement (Fig. 5C , E, and G). That was the case for approximately one half of the neutrophils at 3 d after transplantation, whereas the other half of the population covered much greater distances, with a migration pattern that suggests a more-directional movement (Fig. 5C, F , and H). Figure 5E shows a displacement plot of a short-moving neutrophil, in which the total displacement is about 10 times less than that of a far-moving cell. The migration pattern over time is quite linear, suggesting a more-random movement. Figure 5F is an example of one far-moving neutrophil as a typical example of initial "transport" behavior (first 20 min) before reaching an interesting spot at which it stops (a "hotspot") and only displaces small distances in a more-random fashion. Some neutrophils were observed to migrate between several Mfs in tissue (data not shown). We analyzed the turn angles of the neutrophils in the two populations to assess the directionality of their movement. The short-track neutrophils had a seemingly random turn pattern (Fig. 5G) , whereas the long-track neutrophils (Fig. 5H ) migrated in a more-determined fashion and did not deviate much from a straight line to their final position. There was obvious interaction between the cells because the Mfs were stretched out by the departing neutrophil, which indicated that some form of physical bond between the cells had been formed.
Mfs and neutrophils are tightly associated with growing vessels
High-resolution imaging, in combination with intrascrotal and intra-arterial delivery of fluorescently conjugated Abs, enabled visualization of very small and nonperfused structures. Close interactions between leukocytes and growing blood vessels were abundant in the engraftment area (Fig. 6A) . Neutrophils were often found near sprouting tip cells and were, at times, observed to interact with the endothelial cell filopodia (Fig. 6B ). Neutrophils were also found in close association with Mfs. These neutrophil-Mf complexes were often associated with growing endothelium, seemingly bridging gaps among vessels (Fig. 6C) .
Neutrophils were associated to the newly formed vessels to a similar degree over the early time-points studied (Fig. 6A) , even though the total number of neutrophils decreased (Fig. 2D) . Mfs, however, changed their location during the same period as they gradually took a perivascular position. At d 5 after transplantation, most intraislet vasculature was associated with CX 3 CR1 GFP cells. The vascular association of Mfs also remained when islets were completely revascularized [4 wk after transplantation (Fig. 6A)] , even though the numbers of Mfs per islet had decreased (data not shown) and the morphology of the Mfs had changed. Early after transplantation, their perivascular position was tight on the endothelium, in a vessel-stabilizing manner, but after 4 wk, the cells had attained a more dendritelike morphology in which the cell body could be situated some distance from the vessel, and several dendrites had contacts with different intraislet capillaries. At that time, neutrophils were absent in the perigraft area.
DISCUSSION
Leukocyte involvement in angiogenesis and tissue remodeling is substantial and represents an expanding area of research. The major angiogenic effects by immune cells have mostly been considered to be delivery of growth factors and extracellular matrix-degrading enzymes. In this study, using high-speed, in vivo confocal imaging of engrafting, transplanted pancreatic islets in the mouse cremaster muscle and a novel, in vitro coculture assay, we provide data that reveal an intricate exchange among leukocyte subsets, blood vessels, and stroma. By tracking leukocyte movement, we identified "angiogenic hotspots" in the perigraft area where sprouting and budding endothelia exerted strong attractive forces on neutrophils, leading to their accumulation, association, and active interaction with angiogenic vasculature. The possibility of tracking those events in vivo and in vitro will enable us to delineate the crucial steps in leukocyte recruitment to sites of angiogenesis, as well as to reveal the different effector functions of those cells during angiogenesis.
In previous work, using a model of islet transplantation, we found that neutrophils gathered at the engraftment site shortly after transplantation [8] . Their presence was crucial for the establishment of a healthy vasculature [8, 9] , and neutrophils are also pivotal for the angiogenic switch in carcinogenesis [18] , as well as the recurring physiologic angiogenesis in the endometrium during the menstrual cycle [19] . The high-resolving imaging modalities used in the present study revealed the relationship that was implied in the earlier work: that there was substantial involvement of neutrophils in the growth of neovasculature and revascularization of transplanted pancreatic islets. The Gr-1 + neutrophils executed their proangiogenic effects early after transplantation, and they escaped (or underwent apoptosis) gradually from 3 d after transplant onward. During that time, the angiogenesis was at its mostintense stage in the graft, at which, presumably, most matrix remodeling and sprout elongation occurred. When the revascularization of the grafts was completed 4 wk after transplantation, no neutrophils could be found in the area surrounding the grafts, signifying that their presence was no longer required.
As the neutrophils were diminishing in numbers 3 d after transplant, Mfs became the dominating immune-cell subset, infiltrating the grafts. The Mfs gradually adopted perivascular positions in the islets as these became vascularized. As demonstrated, native pancreatic islets contain many resident Mfs, which accompany the islet graft into the new host after isolation and transplantation. However, in crisscross transplantation experiments, using wild-type and CX 3 CR1 GFP mice, resident Mfs left the grafts, and host-derived dittos repopulated the islets. Based on the slow turnover of tissue-resident Mfs, only a few of the graftderived Mfs were expected to undergo apoptosis after transplantation, and most must, therefore, elude into the recipient, but the underlying signal or their fate in the new host has yet to be determined. The repopulating Mfs were most probably of monocytic origin because, early after transplantation, the CX 3 CR1 GFP cells present at the grafts were rounded and monocyte like and, gradually, changed into a more Mf-like morphology, suggesting recruitment from the circulation rather than from the surrounding tissue-resident Mf population [20] .
Whether neutrophils and monocytes affect the recruitment of each other has been debated. Mfs are known to secrete neutrophil-and monocyte-chemotactic proteins, and neutrophils release proteins stimulating monocyte recruitment [15] . Whether these mechanisms are important during recruitment to hypoxia is unclear. In the healing myocardium after infarction, an initial wave of inflammatory monocytes is first on the scene after injury. Those cells are then replaced by a more-angiogenic and tissue-remodeling type of monocyte after a few days [21] . In a model of urinary tract infection, Ly6C
2 Mfs attracted neutrophils into the infected uroepithelium to help fight bacteria [22] . In the present study, we addressed the interaction during recruitment using depletion protocols for neutrophils (anti-Ly6G Ab treatment), and Mfs (clodronate liposome treatment), respectively. In either situation, no alteration in the recruitment of the other subset was found, which implies that, in a hypoxic environment, there are other cues for recruitment that are stronger attractants than those released by leukocytes already present in the tissue. The 3D time-lapse recordings from the confocal microscopes were processed in image analysis software through which the leukocytes were tracked. During the 90-120 min of recordings, the most surprising view was the amount of extravascular migration performed by the neutrophils in the intravital recordings. At 3 d after transplantation, some of these cells traveled several hundred micrometers throughout the recorded period. This was, however, not true for all neutrophils at the engraftment site. Approximately one half of the cells were stationary or moving in a seemingly confined space. The shortmoving cells were often found in clusters close to angiogenic vessels. These cells had apparently found their site of action and stayed there to promote vessel growth. Plotting the movement of individual cells of the different strata in displacement plots revealed directed chemotaxis of the long-moving cells to a spot of interest [23] , where they stopped and adopted the migration pattern of the short-moving cells. Using the visualization tools developed in our laboratory, it was quite clear in the tracked recordings that neutrophils gathered at a few "angiogenic hotspots" in and around the graft. The far-moving cells migrated toward these sites, and often stopped there. This migration pattern is intriguing because the transplanted islet itself does not seem to affect the chemotaxis at the microlevel. We [9] and others [24, 25] have shown substantial influence of tissuesecreted VEGF-A in leukocyte recruitment to hypoxic areas. Whether this is due to direct effects of the growth factor on neutrophils, in addition to indirect effects by chemokine upregulation, has not been fully determined, until recently, when we found that PANs recruited to sites of hypoxia expressed functional VEGFR1, in contrast to neutrophils recruited to inflammation [10] . Thus, the neutrophils may be recruited to the engraftment site by islet-produced VEGF-A, but then, they were found to be chemotaxing right next to the islet in a very determined way toward an angiogenic vessel. In the in vitro coculture system, in which no VEGF-A was added, the neutrophils displayed accumulation at the endothelial sprouts, a further indication of the presence of a soluble factor released from those sites. What governs neutrophil migration in tissue is not completely clear. A wide range of chemotactic agents can affect their final destination [26] , and their more-intimate interactions with other cell types can instruct their migratory behavior, as demonstrated in a study in which pericytes attracted extravasated neutrophils and instructed their continued migration [27] . Several agents released by the angiogenic sprouts with chemotactic effects on leukocytes have been suggested. One agent secreted by angiogenic endothelium is Ang2 [28] , and a specific monocyte/ Mf subset is responsive to Ang2 because it expresses the Ang2-receptor Tie2 [29] . That pathway has been implicated in recruitment of proangiogenic Mfs to sprouting endothelium and in making them adhere to the growing vasculature [30] . Stromal cell-derived factor-1 (SDF-1) SDF-1 (CXCL12) is also produced in the proangiogenic niche and is believed to promote angiogenesis by recruiting bone marrow-derived cells important for vessel neoformation and stabilization, such as endothelial progenitors and myeloid cells [31] . Interestingly, the PAN subset expresses higher levels of CXCR4, the receptor for SDF-1, when compared with classic neutrophils. We here found that CXCL12 may be a key molecule for the neutrophils to find sprouting vasculature because the antagonism of CXCR4 largely reduced the numbers of neutrophils at sprouts.
Monocytes and Mfs (CX 3 CR1 GFP cells), in contrast, were more stationary during the recordings and had migration patterns similar to the short-moving neutrophils. They did not gather at the "angiogenic hotspots" in the same way as the neutrophils did, but they acquired perivascular positions early after transplantation, and the level of vascular association increased during the days investigated. When the islets had become quite well vascularized at d 5 after transplantation, there was near-complete Mf coverage of the newly formed vasculature. Leukocyte involvement in angiogenesis has previously been considered to have paracrine nature, with immune cells supporting vessel growth by the release of growth factors and matrix-degrading enzymes. One recent study reported on the role of Mfs in physically supporting the developing vasculature in the zebrafish and mouse embryo [32] . In the present study, Mf-Mf or Mf-neutrophil complexes were observed to support the newly formed microvascular units. To our knowledge, our observations are the first to describe these intimate interactions between growing endothelium and leukocytes in the adult mammal.
In this study, we observed an elaborate exchange among neutrophils, Mfs, vasculature, and the islet graft during angiogenic conditions. Growing endothelium had a strong migratory effect on neutrophils in two different models of angiogenesis and was dictating the movement of these immune cells. Mfs, sometimes in complex with neutrophils, were physically supporting newly formed microvascular units. Mfs were also found to take perivascular positions at newly formed vessels. Taken together, these findings illustrate an elaborate curriculum in angiogenesis for those cells that were previously thought to be microbe assassins. This represents a new form of leukocyte recruitment governed by cells and factors different from those in classic inflammation. We have here presented two experimental models and visualization tools to facilitate the delineation of those factors to find new targets for treating different aspects of angiogenesis.
